Splicing is an essential step in eukaryotic precursor messenger RNA (pre-mRNA) maturation. Single nucleotide errors can be lethal to the cell, and anomalous pre-mRNA splicing has been linked to many cancers and neurodegenerative disorders 1,2 . The spliceosome is a multi-megadalton protein-RNA complex consisting of five small nuclear RNAs (snRNAs U1, U2, U4, U5 and U6) and more than 150 proteins 3 . It catalyzes splicing and is a critical center for the regulation of alternative splicing 4 . During spliceosomal assembly and catalysis, snRNAs associate with proteins to form ribonucleoprotein complexes (snRNPs), which bind to and dissociate from the pre-mRNA substrate in a highly orchestrated process yielding catalytically competent spliceosomes 5 . Splicing consists of two sequential transesterification reactions that produce a free lariat intron and ligate two exons into a mature mRNA.
a r t i c l e s
Splicing is an essential step in eukaryotic precursor messenger RNA (pre-mRNA) maturation. Single nucleotide errors can be lethal to the cell, and anomalous pre-mRNA splicing has been linked to many cancers and neurodegenerative disorders 1, 2 . The spliceosome is a multi-megadalton protein-RNA complex consisting of five small nuclear RNAs (snRNAs U1, U2, U4, U5 and U6) and more than 150 proteins 3 . It catalyzes splicing and is a critical center for the regulation of alternative splicing 4 . During spliceosomal assembly and catalysis, snRNAs associate with proteins to form ribonucleoprotein complexes (snRNPs), which bind to and dissociate from the pre-mRNA substrate in a highly orchestrated process yielding catalytically competent spliceosomes 5 . Splicing consists of two sequential transesterification reactions that produce a free lariat intron and ligate two exons into a mature mRNA.
Only U2, U5 and U6 are present in active spliceosomes, but evidence suggests that U2 and U6 are directly involved in the first catalytic step. U2 and U6 form an extensive base pair network and directly bind the 5′ splice site and the branch point, positioning them for the first reaction (Fig. 1a) 6, 7 . A highly conserved element of U5 is dispensable for the first splicing step in vitro and in mammalian cell extracts 8, 9 . Splicing-related catalysis has been reported in vitro using a protein-free human U2-U6 complex 10, 11 . Parallels between the structure and catalytic mechanism of the spliceosome and self-splicing group II introns support the idea of a common molecular ancestor and suggest that the spliceosome is a ribozyme [12] [13] [14] . However, recent crystal structures of a Prp8 fragment (a component of U5) suggest that both protein and RNA are involved in catalysis 15 .
The U2-U6 structure has been a matter of debate in recent years. Early in vivo genetic studies support a three-helix structure in which the highly conserved AGC triad in U6 forms three base pairs with U2 (Fig. 1b) 16 . Believed to form during catalytic activation, this structure has been proposed to be a requirement for both splicing steps 17, 18 .
More recently, NMR studies have shown that in the absence of Mg 2+ ions and proteins, the AGC triad forms intramolecular base pairs that extend the U6 internal stem loop (ISL, Fig. 1a) , creating a four-helix structure 19, 20 . To reconcile these two structures, it has been postulated that each corresponds to a different spliceosomal activation state 21 , yet any conformational change has remained undefined. To address this issue, we have used fluorescence resonance energy transfer (FRET) and single-molecule fluorescence to characterize the structure and dynamics of a protein-free U2-U6 complex from yeast. Our results show that Mg 2+ ions trigger a large amplitude conformational change that separates the ISL and the ACAGAGA loop (Fig. 1) . This two-step conformational change contains a previously unobserved obligatory intermediate, where only the first step is strongly Mg 2+ -dependent. Mutations in the highly conserved AGC triad show that helix IB forms only in the lowest FRET conformation, and correlate the observed structural dynamics in vitro with previously published mutations linked to activation of the second step in vivo.
RESULTS

Mg 2+ induces a large amplitude conformational change
We have developed a labeling strategy that enables us to study the U2-U6 conformational dynamics by FRET and single-molecule fluorescence ( Fig. 1c and Supplementary Fig. 1 ). We have incorporated Cy5 (a FRET acceptor) at the U6 5′ end (nucleotides 45-70) and a biotin at the U6 3′ end (nucleotides 76-100) for surface immobilization. To assess the dynamics between the ISL and the ACAGAGA loop, we have deleted the U6 pentaloop (Fig. 1a, outlined) and labeled U70 with Cy3 (FRET donor). The RNAs were labeled and purified as described (Online Methods) 22 . To confirm three-strand complex formation, we used nondenaturing gel electrophoresis (Supplementary Fig. 1 ; single bands in lanes 4, 7, 10 and 11 are reliable indicators of homogeneity), fluorescence and single-molecule microscopy ( Supplementary Fig. 2 ).
a r t i c l e s
The four-and three-helix structures are expected to yield high and low FRET ratios, respectively 16, 19 .
We first characterized the folding behavior of our fluorophorelabeled U2-U6 complex using bulk solution FRET (Fig. 1d) in the presence and absence of Mg 2+ in standard buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl). In the absence of Mg 2+ (black line, Fig. 1d ), the donor intensity is lower than the acceptor density (FRET = 0.64), indicating that U2-U6 adopts an initial conformation in which the ACAGAGA loop and the ISL are in close proximity, as suggested by the four-helix structure 19 . In 40 mM MgCl 2 , the donor intensity increases and the acceptor intensity decreases (FRET = 0.19), indicating that Mg 2+ ions induce a conformational change separating the ACAGAGA loop and the ISL, as expected for the three-helix struture 16 . Titrating the observed FRET efficiency as a function of [Mg 2+ ] (Fig. 1e) reveals a cooperative decrease in FRET efficiency with increasing [Mg 2+ ]. This conformational change occurs with a dissociation constant K Mg = 3.3 ± 0.7 mM, near the physiological range (~1 mM) 23 , and a cooperativity coefficient n = 2.2 ± 0.2. These data indicate that U2-U6 acts as a Mg 2+ -dependent conformational switch. The high cooperativity coefficient probably reflects the presence of multiple Mg 2+ binding sites, in agreement with previous studies that have linked several coordination sites near the highly conserved base U80 in U6, the ACG triad and the ACAGAGA loop ( Fig. 1) with spliceosomal activation [24] [25] [26] [27] [28] .
Single-molecule FRET reveals three dynamic conformations
Single-molecule FRET (smFRET) uncovers key structural and dynamic information otherwise hidden in ensemble-averaged experiments 29 . Here, we have used smFRET to elucidate the folding reaction of the U2-U6 complex (Fig. 2a) . Characteristic FRET time trajectories of surface-immobilized U2-U6 in 10 and 100 mM Mg 2+ are shown in Figure 2b ,c, respectively. The observed FRET efficiency jumps randomly between three different values (~0.6, ~0.4 and ~0.2), revealing the presence of at least three distinct conformational states in dynamic equilibrium. On the basis of their FRET ratios, we initially assigned the high FRET state to the four-helix structure (N) 19 , the low FRET state to the three-helix structure (G) and the mid-FRET state to a previously unobserved folding intermediate (I , Fig. 1c) .
FRET histograms from the trajectories (Fig. 2b,c , right panels) reveal that at high [Mg 2+ ] (>10 mM), I and G are the predominant states, and N is only transiently populated. The high FRET state becomes more apparent at [Mg 2+ ] < 10 mM (Fig. 2d) . Of the >3,200 transitions observed, only 40 (1.2%) go directly from N to G. In these instances, the dwell time in the I state may be shorter than our 33-ms time resolution, which is direct evidence that I is an obligatory intermediate. Based on our single-molecule measurements, we propose a two-step folding pathway for the U2-U6 complex (Fig. 1c) .
Mg 2+ ions influence the U2-U6 structural dynamics
To assess the effect of Mg 2+ ions on the U2-U6 folding dynamics, we measured smFRET histograms between 0 and 40 mM Mg 2+ (Fig. 2d) . These histograms, each built from more than 100 trajectories, show how Mg 2+ ions modulate the folding dynamics of the U2-U6 complex. Fig. 2f ), indicating that surface immobilization does not appreciably affect the U2-U6 folding dynamics.
Notably, the high FRET peak gradually shifts from ~0.95 at 0 mM Mg 2+ to ~0.6 at 40 mM Mg 2+ . Such smooth changes in FRET distributions are usually an indication that multiple dynamic states are present in solution but their dynamics are faster than the available time resolution 30 . This idea is further corroborated by the broad distributions with flat shoulders at 0 and 5 mM Mg 2+ (Fig. 2d) . A similar a r t i c l e s behavior has been reported for the Diels-Alderase ribozyme 31 . It is possible that in low [Mg 2+ ], the AU-rich helix III is partially unwound (Fig. 1a and Supplementary Fig. 3 ), yielding the 0.95 FRET value. As [Mg 2+ ] increases, helix III forms and effectively distances the U6 5′ end from the ISL, yielding the 0.6 FRET value. The highly dynamic time trajectories observed below 5 mM Mg 2+ (Supplementary Fig. 3 ), as well as previously reported Mg 2+ binding sites in this region 24, 28 , support this hypothesis.
Dwell time analysis determines the rates of folding
We have determined the folding rate constants k 1 , k -1 , k 2 and k -2 ( Fig. 1c) for [Mg 2+ ] = 5-100 mM. Below this range, dwell times were unidentifiable owing to the highly dynamic time trajectories (see above). At 40 mM Mg 2+ , the dwell time distributions can be readily fitted with single exponential decays to yield pseudo-first-order rate constants ( Fig. 3a and Supplementary Fig. 4 ). Transitions out of the I state were divided into two categories depending on their final state: those that returned to N were used to determine k -1 , whereas those that moved on to G were used to determine k 2 (ref. 13 ). The resulting rate constants and their Mg 2+ dependence are shown in Figure 3b .
These data explain how Mg 2+ ions affect the U2-U6 folding dynamics and how to interpret them in terms of a folding potential energy surface comprising three minima (N, I and G) separated by two transition states (Fig. 3c) . Between 5 and 100 mM Mg 2+ , k 1 decreases 3-fold whereas k −1 decreases 18-fold. The large decrease in k −1 indicates that Mg 2+ ions preferentially stabilize I relative to the first transition state, leaving N approximately unchanged. Between 7 and 100 mM Mg 2+ , k 2 and k −2 decrease only four-and three-fold, respectively, indicating that I, G and the second transition state are similarly stabilized by Mg 2+ ions.
Helix IB forms in the low FRET state
To test for the presence of helix IB in the low FRET conformation (G), we designed a six-fold mutant that prevents helix IB formation while maintaining the stability of the extended ISL (Fig. 4a) , because the identity of junction-closing base pairs can affect the junction stability and dynamics 32 . An ensemble-averaged Mg 2+ titration shows that these mutations do not affect K Mg , but the observed FRET ratio at high [Mg 2+ ] is higher than that of the wild type (Supplementary Fig. 5 ). The absence of the 0.2 FRET state in the single-molecule trajectories and corresponding FRET histogram (Fig. 4a) support our initial assignments. Dwell time analysis of this mutant shows that k 1 and k −1 are within two-fold of the wild-type values (Supplementary Fig. 5c) , showing that this mutation does not affect the first step of folding.
Helix IB formation can be favored by the U6 mutation A91G, which extends helix II by one base pair and stabilizes it relative to stem I in U2 (Figs. 1a and 4b 
a r t i c l e s
The trajectories clearly show that excursions to the low FRET state last longer in the mutant than in the wild type, and the corresponding smFRET histogram reveals a larger low FRET peak for the mutant than for the wild type. Dwell-time analysis shows that k 1 , k −1 and k −2 are very similar to the folding rate constants for the wild type, but k 2 is 60-fold faster, in agreement with these observations (Supplementary Fig. 5d,e) . Taken together, these results show that the second folding step corresponds to a spontaneous intramolecular junction migration from I to G. The viability of the six-fold mutant has never been tested in vivo, but mutations that block helix IB formation can be lethal for the cell 16, 17 , thus raising the interesting possibility that the observed dynamics in vitro are linked to spliceosomal activation in vivo.
The structural dynamics correlate with splicing activation
To test the role of the observed dynamics in spliceosomal activation, we used previously published mutations. The U6 mutation A59C (Fig. 4c) prevents helix IB formation and blocks the spliceosome between the two splicing steps in vivo 17 . The U2 compensatory mutation U23G (Fig. 4d) restores base-pairing in helix IB and rescues the second step of splicing.
We have tested the effect of these mutations on the structural dynamics of U2-U6 in 40 mM Mg 2+ . The trajectories for A59C show an effect on both the junction structure and its dynamics (Fig. 4c) . The low FRET states (I and G) disappear, and a new state (~0.30 FRET) replaces them. Two possible scenarios explain these results. The junction mutation may disrupt the junction structure, trapping it in an intermediate conformation with the U6 5′ end pointing in an intermediate direction, explaining the observed FRET ratio. Alternatively, the mutation may accelerate the junction dynamics faster than our time resolution, making the two FRET states appear as a single state with an average FRET value between 0.2 and 0.4.
The trajectories for the compensatory mutation clearly show the rescue of the low FRET state and the structural dynamics (Fig. 4d) , in agreement with the in vivo experiments. Notably, the FRET histogram shows that the intermediate-state FRET ratio is 0.32, indicating that the disrupted junction structure, rather than the averaged fast dynamics, is the most probable explanation for the A59C mutant intermediate FRET ratio. Furthermore, bulk titrations show that K Mg of A59C is nearly four-fold higher than that of the wild type, and the high [Mg 2+ ] FRET ratio is higher than that of the wild type ( Supplementary  Fig. 5 ), supporting the single-molecule results. The K Mg and FRET ratio of the compensatory mutant are in excellent agreement with those of the wild type.
These results link the observed structural dynamics of the U2-U6 complex to a conformational rearrangement before the second splicing step, suggesting that junction dynamics may contribute to successful splicing in vivo.
U80 is involved in high FRET state stabilization
The U6 base U80 is highly conserved and has been involved in binding a metal ion important for catalysis 26 . To assess its role in the U2-U6 folding dynamics, we deleted and mutated it to A, G or C (Fig. 5 and Supplementary Fig. 6 ). The U80G mutation and deletion are lethal in yeast, whereas U80A and U80C are viable 33 . The Mg 2+ binding affinity for U80A and U80C mutants shows excellent agreement with those of the wild type, whereas the U80G mutation and deletion show two significant differences (Supplementary Fig. 6 ). The initial, low-[Mg 2+ ] FRET value is lower, indicating the absence of the high FRET conformation (N), and the cooperativity coefficient decreases to 1.1 ± 0.1, indicating the loss of a Mg 2+ ion binding site. All titrations converge to similar high-[Mg 2+ ], low-FRET values, and all the K Mg are within two-fold of the wild-type values. The corresponding 5 mM Mg 2+ smFRET histograms (Fig. 5) show that the broad distribution characteristic of the high FRET conformation disappears for the U80G mutation and deletion, but it remains present in both the U80A and U80C mutants. In 40 mM Mg 2+ , however, the histograms are similar for all mutants (Fig. 5) . The centers of the intermediate FRET distributions for the U80 deletion and U80G mutant shift to 0.43 and 0.47, respectively, indicating that the ISL bends differently in these mutants. A comparison of the NMR structures of the wildtype ISL and the U80G mutant shows a ~12-Å displacement of U70 (location of Cy3), supporting this idea 33, 34 . One possible explanation for these results is that U80 is involved in a key tertiary contact stabilizing the high FRET conformation but not the intermediate or low FRET states. U80 deletion prevents the formation of this contact, destabilizing the high FRET conformation and causing its disappearance from the histograms. Similarly, U80G results in the C67-G80 base pair, preventing the putative tertiary contact formation. Conversely, U80A and U80C do not disrupt the C67-A79 wobble pair, allowing the tertiary contact to take place, and the high FRET distribution is recovered in the histograms. A likely partner for this interaction may be located in the ACAGAGA loop. To test this, we mutated the U2 bases 31-36 to replace the ACAGAGA loop with a double-stranded helix (Supplementary Fig. 7) . The corresponding bulk titration and single-molecule experiments in 5 mM Mg 2+ also show the disappearance of the high FRET conformation. These results show that the high FRET state (N) is stabilized by a tertiary interaction involving U80 and the ACAGAGA loop. The presence or absence of the high FRET conformation in all of these mutants correlates well with viable or lethal mutations in yeast, supporting the idea that the in vitro dynamics may be important for splicing in vivo.
DISCUSSION
The U2-U6 complex lies at the heart of the catalytic core of the eukaryotic spliceosome, but its structure has been highly debated. Here, we have used smFRET to show that this important RNA complex acts as a Mg 2+ -dependent conformational switch that can adopt at least three distinct conformations. This supports the hypothesis that U2-U6 adopts multiple conformations at various splicing stages 21 , which may or may not reflect the presence of unique active sites for each step 35 .
In the high FRET conformation (N), the AGC triad extends the ISL as predicted for the four-helix structure 19 , and the ACAGAGA loop and U80 in the ISL are brought into close proximity by a stabilizing tertiary contact. Because of the expected relationship between these three regions during the first splicing step, it is possible that this conformation resembles the active conformation. The recent group II intron ribozyme crystal structure provides a framework for this scenario (Supplementary Fig. 8 ) 14 . In this structure, C 358 G 359 C 360 (proposed equivalents of the AGC triad) are clearly base-paired with G 383 U 384 G 385 , extending domain 5 (proposed equivalent of the U6 ISL). The C360-G383 base pair forms a triplet with C377 (proposed equivalent of U80), which in turn stacks on G288 from J2-3 (proposed equivalent of the ACAGAGA loop). G288 also forms a triplet with G359 and U384. Our U80 mutant results support the idea that these interactions also take place in the high FRET conformation of the U2-U6 complex. In the crystal structure, O2 in U80 is a hydrogen bond acceptor in the base triplet. The same O2 in U80C and N3 or N7 in U80A could have a similar role in the mutants.
In the mid-FRET conformation, the AGC triad still forms the extended ISL (four-helix structure) 19 , but the tertiary contact between the ACAGAGA loop and U80 is no longer formed, as its stability does not depend on the U80 mutations. Our current data, however, do not allow us to conclude whether this conformation has a more direct role in splicing.
In the low FRET conformation, a junction migration takes place, resulting in the formation of helix IB (three-helix junction) 16 . The U80 mutants do not affect its stability, indicating that the ACAGAGA loop and U80 are not in direct contact. Helix I is important for both steps of splicing, and a conformational rearrangement must precede each step 18 . This result is in agreement with our mutational data that link the formation of the low FRET conformation to an activating step between the first and second splicing steps. It is tempting to propose that the observed structural dynamics also have an activating role in the first splicing step, but the mutations tested here do not provide enough support for this conclusion.
The role of Mg 2+ ions at different stages of spliceosomal activation and catalysis has been established by experiments using phosphorothioate-substituted RNAs 25, 26, 36, 37 . A key sensitive nucleotide is the phylogenetically conserved U80, which suggests that this base either has a direct role in catalysis or is at least involved in a closely related step 26 . Phosphorothioate substitutions in the 5′ and 3′ splice sites also involve Mg 2+ ions in both splicing steps by activating the nucleophilic attack and stabilizing the leaving groups 25, 36 , and this suggests the presence of a Mg 2+ -dependent conformational change specific to the second step of splicing 36, 37 . We propose that this Mg 2+ -induced conformational change corresponds to the one observed here. On the basis of this model, however, one might expect an inverse effect, whereby Mg 2+ ions would preferentially stabilize the high FRET structure. In the presence of an essentially constant supply of Mg 2+ ions in vivo, it is possible that the role of at least some of the spliceosomal proteins is to adjust the relative stability of these conformations to time the U2-U6 structural dynamics for accurate and efficient splicing.
We removed the highly conserved U6 ISL loop, but in accordance with a previous genetic study in which the ISL was extended by one base pair, we do not expect this loop to significantly affect the structure of U2-U6 in vitro 38 . Nonetheless, we have tested the effect of this deletion on the U2-U6 structural dynamics using a two-strand construct (Supplementary Fig. 9 ). Our results show that the two constructs behave almost identically. The three-strand construct, however, offers greater efficiency of synthesis, labeling and purification, and will facilitate future mutational studies. The smFRET histograms for U80A and U80C are similar to that of the wild type. These results indicate that U80 is involved in a functionally important tertiary contact that stabilizes the high FRET conformation.
a r t i c l e s a r t i c l e s
We have recently elucidated the folding pathway of a self-splicing group II intron ribozyme, which has structural and catalytic similarities to the spliceosome 13 . Its pathway also involves obligatory intermediates and is dominated by a Mg 2+ capture step that activates junction dynamics for catalysis. The similarities between the U2-U6 structural dynamics and those of the group II intron ribozyme now expand the parallels between these two enzymes and suggest the existence of evolutionarily conserved structural dynamics.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
